Abstract-In this paper, a modified two-step compliance control method for robot hands is proposed: resolved interfinger decoupling solver (RIFDS) and resolved interjoint decoupling solver (RIJDS). For this, we first investigate how many fingers are necessary to successfully implement stiffness characteristics in the operational space. RIFDS is then proposed to decompose the desired compliance characteristic specified in the operational space into the compliance characteristic in the fingertip space without interfinger coupling, and RIJDS is also proposed to decompose the compliance characteristic in the fingertip space without interjoint coupling. It is found in the process of RIFDS that some nondiagonal stiffness elements specified in the operational space cannot be planned arbitrarily, due to grasping geometry. Similar to independent finger control, RIJDS aims at independent joint control. This scheme facilitates the joint servo control. To show the effectiveness of the proposed compliance control method, some experimental results are illustrated for a compliant task by using two-and three-fingered hands, which consist of five-bar finger mechanisms. It is concluded that grasping geometry and finger structure are crucial to successfully performing multifingered hands operations.
I. INTRODUCTION
H UMAN HANDS HAVE various levels of dexterity which are useful for fine manipulation; grasping objects having arbitrary shapes, textures, and weights; complex assembly tasks; and other various tasks [1] - [3] . Thus, a lot of research on multifingered robot hands has been performed to accommodate a variety of tasks and objects in the field of industrial applications, service robots, and rehabilitation robots [4] , [5] . Related to the grasping and manipulation of objects by robot hands or multiple robot arms, many researchers have proposed explicit force-based control methods [6] - [10] . However, implementation of those methods may not be practical because it is not only hard to employ force sensors in finger mechanisms, but it is also problematic to successfully process noisy force signals. Also, the integration of tactile and force information for individual finger control and the combination of information from different fingers to guide hand actions are still not well known [11] . Therefore, it has been pointed out that instead of employing force signals, stiffness, or compliance as successful alternatives can be used for characterizing the grasping and manipulation of robot hands [12] - [30] . Initially, Salisbury [12] presented a compliance control method which utilized a stiffness mapping between the Cartesian space and the joint space. His work is thought to have two main contributions. The first one is the suggestion of stiffness mapping between the fingertip space and the joint space of a finger. The second contribution is the extension of this algorithm to multifingered hands. Based on this fundamental formulation, many research efforts have been reported in the field of grasp stiffness or compliance. The stiffness of the object grasped by virtual springs was analyzed in cases of planar and three-dimensional (3-D) space [18] , [22] , [31] , [32] . Cutkosky et al. [17] analyzed the effective grasp stiffness by considering the structural compliances in fingers and fingertips,servogainsatthejointsoffingers,andsmallchangesin the grasp geometry that may affect grasp forces acting upon the object. An experimental investigation was performed for successful object stiffness control using multifingered robot hands [21] . Li et al. [23] classified a grasp matrix into symmetric and antisymmetric parts. Shimoga [24] summarized the conventional grasp synthesis algorithms for robot hands. Also, Kao et al. [25] tried to apply stiffness models usually employed in robotics research to the analysis of human grasping behaviors. In addition, grasp planning and control algorithms for multifingered robot hands have been proposed [49] - [51] . It was pointed out that a stiffness matrix containing some off-diagonal terms can be useful to prevent the jamming of contact tasks [36] . In [19] , [20] , and [28] , an additional stiffness term created by externally applied force was analyzed. However, the achievable content of operational compliance characteristics is, in part, investigated specifically for robot manipulators. Previous studies related to compliance control for multifingered hands have not fully addressed the achievable contents of operational compliance characteristics.
Thus, to practically apply compliance control algorithms to robot hands, thorough analysis for the grasping geometry, the proper number of fingers, and the structure of fingers should follow. Some researchers have investigated finger structures appropriate for compliance control schemes. The configuration of a serial manipulator or a finger with a kinematically redundant mechanism was considered to implement the desired operational compliance characteristics [33] . Mussa-Ivaldi et al. [33] proposed a joint-based compliance control method for redundant manipulators, but they did not consider how to control the desired compliance in the operational space. Yokoi et al. [14] , [15] proposed an independent joint-based compliance control method. It is remarked that in order to successfully achieve the given compliance characteristics in the operational space, an employed manipulator or finger should have at least the same number of active joints as the number of independent elements of the desired operational compliance matrix. Yi et al. [27] , [53] pointed out that the independent joint-based compliance control via redundantly actuated parallel mechanism was better, in the design aspect, for successful compliance control, in comparison to the case of the kinematically redundant structured fingers or manipulators. Some researchers addressed computing methods and analytical conditions for stable grasping and dexterous manipulation [40] - [48] . However, in multifingered hands, geometric conditions for successful implementation of a compliance control scheme have not yet been addressed. Recently, many research groups have investigated the synthesis of planar and spatial stiffness matrices based on the placement of passive springs [13] , [34] - [39] . However, these previous studies were confined to passive spring mechanisms, and were not directly related to multifingered hands.
Thus, our main objective of this paper is to analyze the achievable contents of operational compliance characteristics for compliant manipulation of objects grasped by multifingered robot hands, and resultantly to propose a modified compliance control scheme more feasible for the application of multifingered hands along with an experimental verification. This paper is organized as follows. In Section II, we analyze geometric conditions for successful implementation of the compliance control in the operational space. Then, we propose an independent finger-based compliance control method for multifingered robot hands which utilize the advantage of redundant actuation. An independent joint-based compliance control scheme for robot fingers is discussed in Section III. To show the effectiveness of the proposed compliance control method, experiments are performed for a compliant contact task by using two-and three-fingered hands in Section IV. Finally, concluding remarks are given in Section V.
II. STIFFNESS ANALYSIS BASED ON INDEPENDENT FINGER CONTROL
The stiffness or compliance can be employed to characterize the grasping and manipulation of robot hands, especially when it plays a dominating role as in approximated linear analysis, where low velocities and small relative motions lead to small inertial forces. Fig. 1 shows the general stiffness relation between operational space and fingertip space, and between fingertip space and finger-joint space. In this section, we first analyze the stiffness relation between the operational space and the fingertip space.
Consider a rigid object being manipulated by an -fingered robot hand as shown in Fig. 2 , where each finger has joints, and the relation between the generalized force vector in the operational space and the fingertip force vector is given by (1) where denotes the generalized force vector in the operational space including inertial load, gravity load of the system, and external load, and denoting the fingertip force vector in the fingertip space is expressed as and the Jacobian matrix relating the operational space to the fingertip space is given by with Here, and denote the rotation matrix and the position vector from the operational space to the fingertip space of the th finger, respectively. Also, ( , where denotes the dimension of the wrench applied to the grasped object by the th finger) denotes the total dimension of wrenches applied to the grasped object by fingers.
When the trajectory of the grasped object is prespecified, the task of load distribution will be the determination of the fingertip forces and moments in order to achieve a desired motion of the object and to maintain the grasp. The general solution of (1) is given by (2) where the superscript implies the transpose of a matrix, is a pseudoinverse of , and is an arbitrary vector. denotes an identity matrix. Using (2), we can perform explicit force control of robot hands by using force sensor signals, but the motion control of the fingers is difficult in practice, because force measurement at the fingertip is not easy and the real force signal is very noisy. Therefore, the stiffness or compliance control method can be more effective in robot hand operation, compared to the explicit force control method.
A. Stiffness Relation Between Operational Space and Fingertip Space
By taking the partial derivative of (1) with respect to the 6 1 displacement vector in the operational space, we have (3) or to the first order (4) It is widely known that in the first part of (4), represents the restoring forces and moments at the fingertip resulting from the structural and servo stiffness of the finger, and in the second part, represents the effects of small changes in the grasp configuration.
By using the duality principle, the velocity relation between the operational space and the fingertip space can be given by (5) Then, by using the chain rule and (5), the stiffness matrix in the operational space, , can be expressed as follows: (6) where , representing the stiffness matrix in the fingertip space, is expressed as
in which is given by specifically for the case of a point contact with friction, and in denotes the interfinger coupling stiffness matrix between the th finger and the th finger. The operator of and , respectively, represent the Generalized Scalar Dot Product [16] and the second-order kinematic influence coefficient matrix, the latter representing the change of with respect to contact configuration [19] .
Also, (6) is rearranged as (7) It is noted from (7) that the second term is not utilized in Salisbury's algorithm [12] . This becomes crucial when the magnitudes of the grasping forces are considerable [19] , [27] , [28] .
is also symmetric, since the second term of (7) becomes symmetric when linear fingertip forces are applied.
B. Necessary Condition for Compliance Control
In a robot hand system, the components of the wrench transmitted through the contact between the fingertip and the contact point of the object are limited by the contact constraint defined according to the contact types [1] . It is, therefore, very important to determine the number of fingers and the number of joints for implementation of the desired compliance characteristic given in the operational space.
In this section, we first investigate a necessary condition for independent finger-based compliance control of robot hands in terms of the number of fingers and contact types. The operational stiffness matrix is assumed to be symmetric. In a common robot hand system, there exists interfinger coupling. If the interfinger coupling can be eliminated, each finger can be independently controlled, which makes the hand control relatively easy. For this, it is useful to rearrange (7) as follows: (8) where and denote and vectors, consisting of independent elements of and , respectively.
denotes the matrix relating the independent elements of the object stiffness matrix to those of the fingertip stiffness matrix, and denotes the selection matrix, which relates all the off-block diagonal elements of to those of the fingertip . Thus, the number of fingers for successful implementation of the stiffness control in the operational space can be analyzed from (8) . Table I shows the number of fingers required to implement the corresponding stiffness characteristic in the 2-D space, where the contact type is assumed to be point contact with friction. Also, the number of fingers required to implement the corresponding stiffness characteristic in the 3-D space is shown in Table II , where two contact types , point contact with friction and soft finger contact , are discussed. In Tables I and II,  , , and denote the number of independent elements of , the number of finger coupling elements of , and the number of independent elements of , respectively, while represents the remaining degree of freedom for . In other words, if is greater than 0, it implies that the hand with the specified fingers can fully implement the defined compliance characteristics in the operational space. Consider a planar two-fingered hand. For a point contact with friction, the specified 3 3 object stiffness matrix consists of six independent elements, and the dimension of the fingertip stiffness matrix is 4 4, which has ten independent stiffness elements, and six coupling elements exist among them. Thus, we notice that the dimensions of and are both 6 10. This implies that ten input parameters are not enough to solve for the 12 equations given in (8) . It is, therefore, confirmed that a two-fingered hand cannot implement a 3 3 object stiffness characteristic in the 2-D space. Hence, a robot hand should have at least three fingers to implement a 3 3 object stiffness characteristic in the 2-D space, as shown in Table I . For the 3-D case, we can see that seven fingers are needed to implement a 6 6 object stiffness characteristic in . As a general rule, full stiffness implementation is possible when in Table II is equal to or greater than 0.
C. Resolved Interfinger Decoupling Solver (RIFDS)
In this section, we describe the procedure for computing the fingertip stiffness without interfinger coupling so as to achieve the desired stiffness specified in the operational space.
To clarify the proposed RIFDS stiffness algorithm, we illustrate the case of a two-fingered robot hand, where its contact type is assumed to be a point contact with friction, and its workspace is confined in a 2-D space. When a two-fingered robot hand manipulates an object in the 2-D space as shown in Fig. 3 , the necessary condition in Table I (second row) for stiffness control is satisfied.
Let the desired 2 2 object stiffness matrix in the operational space be given as (9) and the 4 4 stiffness matrix in the fingertip space is generally represented by (10) where the off-diagonal blocks denote the interfinger coupling matrices, and denotes the coupling stiffness elements between the and direction in the th fingertip space.
A grip Jacobian matrix relating the small displacement of the operational position to those of the finger positions is given by (11) Here, our objective is to eliminate interfinger couplings, as well as the coupling of the fingertip space, for effective hybrid con-trol in the fingertip space. So, the stiffness matrix satisfying this objective is set up as (12) where and denote the desired -and -directional stiffness elements in the fingertip space of the th finger, respectively.
Then, (7) can be rearranged as a vector form (13) where and For most cases, the general form of relating the fingertip space to the operational space is described in Appendix A. The structure of may change according to the grasping geometry. To be specific, the sign of some elements of may be changed from positive to negative or zero. Accordingly, a change in the values of operational stiffness elements should be observed. Generally, the problem of computing the fingertip stiffness for a given operational stiffness can be transferred to a linear programming problem of the form; find from the linear matrix equation given by (36) in Appendix A.
Consequently, the procedure of computing the fingertip stiffness for the given object stiffness can be summarized as follows.
RIFDS Algorithm: 1) Specify and construct . 2) Check the necessary conditions from Tables I and II. 3) Determine the grip Jacobian . 4) Rearrange (7) into (13). 5) Solve the linear programming problem given in (36) to determine . 6) Find by reconstructing .
Another merit of the modified stiffness relation given by (13) is that it reduces the computation time, as compared to the original formulation given by (7) . In the case of the first example using two fingers, the computation time is reduced to one-third of the original formulation, and that of the three fingers is onefourth of the original formulation.
III. STIFFNESS ANALYSIS BASED ON INDEPENDENT JOINT CONTROL

A. Stiffness Relation Between Fingertip Space and Joint Space
To find the stiffness relation between the fingertip space and the joint space in Fig. 1 , it is first required to consider the structure of the fingers in the hand. For example, forward mapping is unique in the case of the serially structured finger, but in the case of a closed-loop structure such as the five-bar finger mechanism described in [26] , backward mapping is unique.
Here, we treat a robot hand with a five-bar finger mechanism as an illustrative example, and then the stiffness relation between the fingertip space and joint space is described by using backward Jacobian mapping. The stiffness matrix in the th fingertip space, including the effect of the change in joint configuration, can be represented as follows [27] : (14) and we define (15) where represents the stiffness matrix in the joint space of each finger, and denotes a Jacobian (i.e., backward mapping) relating the joint space to the fingertip space . The operator of and the matrix represent the Generalized Scalar Dot Product [16] and the second-order kinematic influence coefficient matrix induced by the change in joint configuration described in [16] , respectively.
B. Resolved Interjoint Decoupling Solver (RIJDS)
The next step aims at determining joint stiffness to generate the fingertip stiffness calculated in RIFDS. RIJDS implies the procedure for computing the fingertip stiffness without interjoint coupling, so as to achieve the desired stiffness in the fingertip space. Similar to such independent finger control, RIJDS pursues independent joint control.
Previous works on independent joint control [15] , [27] have shown that a finger or manipulator should have at least the same number of active joints as the number of independent elements of the desired operational compliance matrix to implement the desired compliance characteristic in the operational space. To satisfy this condition, the finger structure should be biomimetic. That is, it should have either redundant joints or redundant actuators. However, in serial-chain structures, the number of required joints increases exponentially as the degree of freedom in the operational space increases, and thus, a finger employing a five-bar finger structure is more appropriate than a serially structured finger from a design viewpoint, since such a closed-chain mechanism possesses many potential input locations. Now, for the five-bar finger mechanism with redundant actuators as shown in Fig. 4 , the inverse relation between the fingertip motion and the joint motion is uniquely given by (16) where denotes the infinitesimal joint angles of all activated inputs and denotes the infinitesimal motion vector in the th fingertip.
is the Jacobian matrix relating the fingertip motion to the activated joint motion of the th finger. Using the duality property, the force relation between the joint space and the fingertip space is given by (17) where denotes vector of the joint torques, and denotes generalized force in the th fingertip. We assume that a 2 2 stiffness matrix at the th fingertip space in a 2-D space is given by (18) According to the results of previous works [15] , [27] , at least three active joints are necessary to employ independent joint control. If we designate three active joints as joints 1, 3, and 4 of each finger, the backward Jacobian relationship for the th finger can be uniquely defined as (19) We design the joint stiffness matrix as a diagonal form given by (20) so that each joint can be independently controlled. It is found that the independent joint-based control not only makes the jointservo control easy [14] , but also takes advantage of the redundant actuation mode in comparison to minimum actuation [26] .
By rearranging (15) as a vector form, we have From (21) , the general solution is given by (22) Note that the five-bar finger mechanism may have more active joints. In this case, the number of solutions given in (22) is not unique, but infinite. This mode has merit, since it can take better advantage of redundant actuation by employing various secondary subtasks in resolving the stiffness gains in the joint space.
In robot hands with closed-loop structured fingers, the procedure of computing the joint stiffness for the given fingertip stiffness can be consequently summarized as follows. 
IV. COMPLIANCE CONTROL OF A MULTIFINGERED HAND AND IMPLEMENTATION
This section presents a new independent finger and independent joint-based compliance control scheme utilizing the RIFDS and RIJDS algorithms described in Sections II and III. Fig. 5 shows the proposed independent finger and independent jointbased compliance control scheme for multifingered hands. The block of independent compliance control (ICC) makes the resultant independent joint stiffness matrix and the updated joint information for the given contact task. Also, the task planner gives the necessary parameters such as the desired contact force and/or torque , the trajectory planning of an object , the internal force in the fingertip space, the stiffness matrix in the operational space, and so on. Particularly, the resultant independent joint stiffness matrix is made by using the RIFDS and RIJDS algorithms. The trajectory updating of each finger and its joints is determined by considering the desired contact force and/or torque in the operational space, the internal force in the fingertip space, and each directional stiffness characteristic in the operational and fingertip spaces. In some cases, the contact force and/or torque in the operational space can be measured and used for an explicit force control.
In order to show the effectiveness of the proposed compliance control method, tasks involving the manipulation of a grasped object by five-bar fingered robot hands are considered. First, to validate the effectiveness of the proposed compliance control method, the experimental result of a compliant contact task performed by a two-fingered hand is presented in Section IV-A. Then, to further clarify the proposed approach, the experimental result using a three-fingered robot hand is exhibited in Section IV-B. Particularly, for a task executing a hybrid control scheme, we implement 2 2 object stiffness by using a dual five-bar fingered robot hand, and also perform the same contact task with a three five-bar fingered robot hand to implement 3 3 object stiffness. Through the experiments, it is shown that the geometric configuration of the grasp should be carefully chosen to achieve the stiffness characteristic specified in the operational space. The tasks were performed in a 2-D planar space, the contact type is defined as a point contact with friction, and slip at the contact point is ignored.
A. Experimental Verification for a Two-Fingered Hand
Consider the dual finger shown in Fig. 3 . Through the analysis of Sections II and III, the two-fingered hand is able to control two motion degrees ( and ) of the grasped object.
In order to experimentally implement 2 2 object stiffness, a five-bar finger driven by dc motors (model DC-Micromotors 2343-024CR, MicroMo Electronics, Inc.) with an encoder (model HEDM 5500B, MicroMo Electronics, Inc.) was developed as shown in Fig. 6 . The link parameters of the developed five-bar finger are as follows: m and m, respectively. We then developed a two-fingered robot hand using the five-bar finger mechanism and a PC-based hand control system as shown in Fig. 7 . The detailed kinematics of the five-bar finger are described in Appendixes B-D. Fig. 8 shows the experimental setup for hybrid control using the two-fingered hand. The control block diagram for the given task is shown in Fig. 9 . Initially, the task planner in Fig. 9 defines the desired -direction trajectory, -direction pushing force, the stiffness matrix in the operational space, and the internal force in the fingertip space for a stable grasp, where denotes the -direction internal force for the th finger.
Specifically, the virtual trajectory in the direction is determined from the relationship of the desired force and the planned stiffness of the direction. The equivalent stiffness matrix in the joint space is derived from RIFDS followed by RIJDS. The robot hand is controlled by the developed PC-based hand control system. Here, a Pentium-III (866 MHz) computer with Windows NT is used in the experiment. The dotted line means that to verify the proposed compliance control method, the -direction contact force exerted on the environment by the grasped object is measured by using a force/torque sensor attached to the environment. However, the force feedback is not employed in the controller. The current joint position of the robot hand is measured from an encoder signal processing unit at every sampling time. The control algorithms are coded by C language. The control signal update and the data feedback for each joint are executed every 2 ms with the aid of the real-time operating system, RTX [55] .
In this experiment, the given task of the object in Fig. 8 is to control the position along the direction and to control the force in the direction, where the grasped object is made of wood. The contact force to the direction is set as 1.5 N, which is controlled by inducing a virtual displacement of 0.0025 m inside the environment, and the -directional velocity of the grasped object is set as 0.0004 m/s. The geometrical structure of the grasp is symmetric, as shown in Fig. 8 . The induced trajectory in the fingertip space, including the additional trajectory , to consider the corresponding internal forces for each finger is generally calculated by (23) where and can be obtained by (2) . Specifically, in the case of the two-fingered hand shown in Fig. 8 , the -directional internal forces applied to the object by two fingers are determined by the following relation: (24) where and The magnitude of the internal forces is decided in such a way as to satisfy the friction cone constraint at the contact point of each finger.
The small change in the joint angles for the th finger is given by (25) Thus, we can update the next joint position as follows: (26) Finally, the joint torque necessary to make the fingertip exhibit the desired stiffness characteristic in the fingertip space is given by (27) where and the small damping gain is included for stable trajectory following.
The desired stiffness in the operational space is specified as N m
Note that from Table I , geometric condition is satisfied by employing the developed two-fingered hand for this task.
Figs. 10 and 11 show the experimental results for the trajectory and -direction force, respectively. Especially, it is shown that the trajectory of the grasped object lies on the surface of the contacting wall. Also, the interaction force of the object, during the constrained motion phase of the task, is shown to be properly followed according to the given motion trajectory in the direction. Also, the measured interaction force is approximately equal to the product of the -direction stiffness and the virtual displacement inside the wall. These results demonstrate that the motion and the virtual force defined in the operational space can be properly controlled by employing the proposed independent finger/joint control method. The effect of the second term in (6) is negligible in this experimentation. However, the effect of this term becomes significant when the magnitude of the grasping force increases.
B. Experimental Verification for a Three-Fingered Hand
In this section, we performed additional experiments to clearly show the effectiveness of our approach. Fig. 12 shows a manipulating task interacting with an environment by a three-fingered robot hand.
Based on the analysis of Table I , the three-fingered hand is able to control three motion degrees ( , , and ) of the grasped object. Thus, we developed a three-fingered robot hand using the five-bar finger mechanism as shown in Fig. 13 . The block diagram for this task is shown in Fig. 14. The task planning described in Fig. 14 is similar to the case of Fig. 9 , where the definition of and denote the -and -directional internal force for the th finger, respectively. In Fig. 14 , in order to stably maintain the grasp during the contact task, the internal forces applied to the object by three fingers should satisfy the force closure relation [42] , [48] . To be specific, the -directional internal forces are determined by ( 
28) where
The -directional internal forces are determined by (29) where Also, the magnitude of the internal forces are decided in such a way as to satisfy the friction cone constraint at the contact point of each finger.
In this paper, we set the desired force in the direction as 3.0 N and the -direction velocity of the grasped object as 0.000 417 m/s, while controlling the orientation angle as 90 . Thus, the grasped object is to move along the direction while applying a certain level of force to the direction normal to the contact surface. The geometry of the grasp is symmetric for fingers 1 and 2, and the contact point of the third finger lies on the same side as finger 1. To assign a proper stiffness in the operational space, it is necessary to analyze the grasp geometry of Fig. 3 . The desired stiffness in the operational space is initially specified as (30) Note that the independent stiffness relation denoted in (13) based on the grasp geometry of multifingered hands can be usefully applied to confirm the achievability of the desired stiffness characteristic of the operational space.
Then, the independent stiffness relation denoted in (13) can be symbolically expressed as (31) where and means the stiffness mapping between the fingertip space and the operational space. Also, the structure of may change according to the grasp geometry.
In (31) , and denote the elements of position vectors directing from the th finger contact position to the task position , and are always all positive. Here, we design the coupling term in the fingertip space as zero in order to remove the kinematic coupling between two orthogonal directions; tangent and normal to surface. This design results in zero , which, in fact, is a linear combination of . Thus, the elements of the second row of the mapping matrix are given as zero since the other fingertip stiffness elements, excluding , do not contribute to . Also, note that the third row corresponds to the implementation of . However, we can easily notice that cannot be made zero by all positive stiffness components defined in the fingertip space, since the three influence coefficients (i.e., , , and ) are always positive in this grasped configuration. In this case, we first rearrange (31) into the form (32) where denotes the vector which is composed of stiffness elements, except all dependent coupling terms in the operational stiffness matrix. Thus, we have From (32), we obtain the independent fingertip stiffness elements corresponding to the independent operational stiffness elements by a linear programming technique. Then, the dependent coupling term can be determined by resubstituting the solution of into (13) as follows:
where denotes the third row of . Finally, the stiffness matrix originally given by (30) m. In such a grasping posture, a coupling term between -direction stiffness and -direction stiffness always exists, while the other off-diagonal terms can be made zero. This is an important observation in that the operational stiffness matrix cannot be planned arbitrarily.
The performances of position and force tracking are shown to be satisfactory in Figs. 15 and 16 . However, as shown in Fig. 17 , a small perturbation of the orientation angle happens due to the existence of the coupling term . Though a small perturbation of the orientation angle exists at the contact phases of the task, the motion and force tracking performances are satisfactory. Similar to the previous experiment, it is shown that the trajectory of the grasped object lies on the surface of the contacting wall. Also, the interaction force of the object, during the constrained motion phase of the task, is shown to be properly followed according to the given motion trajectory in the direction. Also, the measured interaction force is approximately equal to the product of the -direction stiffness and the virtual displacement inside the wall. Choi et al. [52] performed an experimental study of a two-fingered hand. Their approach was similar to our proposed algorithm, but it was confined to only a two-fingered hand. Thus, the problem occurring in geometric analysis of an achievable task-space stiffness matrix cannot be observed.
The grasp configuration of Fig. 12 is similar to the planar view of a hand writing by three fingers [54] . In such a writing operation, we can experience that the horizontal motion of the pencil grasped by a human hand yields a small angle perturbation of the pencil. Therefore, existence of seems to be natural.
On the other hand, Fig. 18 shows a modified posture of the grasp, in which the contact position of the third finger lies above the task position . In this case, the (3, 5) element of the mapping matrix given in (31) is converted to . This results in complete modulation of the stiffness characteristic given in (34) . Consequently, the grasp configuration given in Fig. 18 represents a force closure type in which angle perturbation is not allowed (i.e., zero ). Additionally, we consider an assembly task shown in Fig. 19 . If the first finger grasps the point in Fig. 19 , the stiffness mapping matrix given in (31) has the same structure as that of Fig. 12 . On the other hand, if the first finger grasps the point in Fig. 19 , the (5, 2) element of the mapping matrix given in (31) is converted to . Consequently, in this grasping case, the coupling terms, and , exist in the operational stiffness matrix.
From the above analysis, it is pointed out that the geometric configuration of a grasp should be carefully chosen to achieve the stiffness characteristic specified in the operational space. Conclusively, the contribution of this paper is first, the thorough analysis of the achievable contents of operational compliance characteristics for compliant manipulation of an object grasped by multifingered robot hands, and second, to propose a modified compliance control scheme which is highly feasible to the application of a multifingered hand.
V. CONCLUDING REMARKS
A modified compliance control method as an independent finger/independent joint-based compliance control method for robot hands was proposed by employing two step algorithms named RIFDS and RIJDS. Also, a necessary condition for stiffness control was obtained, with which the achievable compliance characteristic in the operational space could be examined for a given hand mechanism. Through the analysis, it is concluded that both the number of fingers and the structure of each finger are important factors in achieving the compliance control scheme, and that the geometric configuration of the given grasp should be carefully chosen to satisfy the stiffness characteristic specified in the operational space. The effectiveness of the proposed algorithm was shown through hybrid control experiments by using two-and three-fingered hands. In our ongoing study, we demonstrated that the same principle developed in this study could be applied to the analysis of a 3-D case [29] , and also task-based stiffness planning for given tasks [30] .
APPENDIX A INDEPENDENT STIFFNESS RELATION BETWEEN OPERATIONAL SPACE AND FINGERTIP SPACE
The stiffness relation between the operational space and the fingertip space given in (7) 
where suffices , , and imply the rotational angles about the , , and axes, respectively. The element denotes the element of presented in (1), and thus, it depends on the grasp geometry.
If all element except the diagonal elements in (35) are zero, an independent finger-based control can be implemented. Thus, the independent stiffness relation between the operational space and the fingertip space given in (13) 
where , , , and the independent vectors rearranged in the operational space and the fingertip space, and , are given by APPENDIX B
OPEN-CHAIN KINEMATICS OF FIVE-BAR FINGER
The five-bar finger shown in Fig. 6 has one closed kinematic chain which is composed of two open chains [26] . Since two open chains of the finger have a common kinematic relation at the endpoint of the finger, the kinematic relations are described as (37) (38) (39) where the abbreviated parameters are defined as follows; , , , ,
, and . Then, we define the combined fingertip parameter by using (37) - (39) (40)
The time derivative of (40) with respect to time yields (41) where is the Jacobian matrix relating the fingertip space to the joint space of the th chain, and the matrix can be expressed as (42) Specially, the Jacobian matrices for the first and second open chain in Fig. 6 , respectively, are given by (43) (44) APPENDIX C
INTERNAL KINEMATICS OF FIVE-BAR FINGER
The internal kinematics in five-bar finger deals with the relationship between dependent joints and independent joints of the finger. The equivalent velocity in the fingertip space for the motion of joints is given by (45) Since the mobility of the five-bar finger is two, at least two independent actuators are required to get the mobility of the finger. There exist several choices in the selection of independent joints, according to the point of view, such as manipulability, isotropy, load-handing capability, and/or minimizing the dynamic effect due to floating actuators [26] .
If we choose the joints and as the independent joints and the joints , , and as the dependent joints , then (45) can be rearranged as follows: (46) where By premultiplying the inverse of the matrix to both sides of (46) , the velocity of dependent joints is given by (47) where and the matrix denotes the first-order kinematic influence coefficient matrix relating the motion of independent joints to that of dependent joints.
Then, applying the duality principle existing between the velocity vector and force vector, we obtain the generalized force relation between the independent joints and the dependent joints as follows: (48) Also, the effective load referenced to the independent joints can be induced by (49) where APPENDIX D
FORWARD KINEMATICS OF FIVE-BAR FINGER
The joints of the th chain of the finger may be composed of some of independent and dependent joints, and hence, the velocities of all joints of the finger can be expressed by that of the independent joints as follows: (50) where denotes the Jacobian matrix between the joints of the th chain and the independent joints of the finger.
Also, the velocity vector at the fingertip can be represented by (51) By using the duality principle, we have the generalized force relation between the independent joints and the dependent joints as follows: (52) and the inverse relation of (52) is (53) Thus, the generalized force at the fingertip can be expressed as (54) where
